Immunogold labeling of permeabilized whole-mount cells or thin-sectioned material is widely used for the subcellular localization of biomolecules at the high spatial resolution of electron microscopy (EM). Those approaches are well compatible with either 3-dimensional (3D) reconstruction of organelle morphology and antigen distribution or with rapid cryofixation-but not easily with both at once. We describe here a specimen preparation and labeling protocol for animal cell cultures, which represents a novel blend of specifically adapted versions of established techniques. It combines the virtues of reliably preserved organelle ultrastructure, as trapped by rapid freezing within milliseconds followed by freeze-substitution and specimen rehydration, with the advantages of robust labeling of intracellular constituents in 3D through means of pre-embedding NANOGOLD-silver immunocytochemistry. So obtained thin and semi-thick epoxy resin sections are suitable for transmission EM imaging, as well as tomographic reconstruction and modeling of labeling patterns in the 3D cellular context.
| INTRODUCTION
Immunogold labeling is one of the most widely used techniques for localizing macromolecules at the high spatial resolution of electron microscopy (EM). Two major approaches can be distinguished: preand post-embedding labeling. 1 Both use gold conjugates for visualizing bound antibodies (ie, 5-20 nm colloidal gold, 2 ≈1-nm ultra-small gold conjugates of various chemical composition 3, 4 ). Pre-embedding immunogold labeling resembles the procedures used for immunofluorescence microscopy, and is followed by resin embedding, microtomy and EM. It is performed on vibratome and cryostat sections from chemically fixed tissues or cell pellets 5, 6 or on whole-mount samples, such as adherent animal cell cultures. 7 In any case is sample permeabi-
lization necessary to open a way for antibodies and gold-conjugates to diffuse into the cells. This is done by exposing cells/tissue to toxins or detergents before or after fixation, respectively, or a freeze-thaw attack. 1, 8 Permeabilization compromises on the one hand the cellular ultrastructure more or less severely. 9 On the other hand becomes the entire surface of organelles or the cytoskeleton (potentially) accessible to immuno-reagents, thanks to the partial extraction resulting from membrane perforation. Such samples are, therefore, appropriate for 3D reconstruction of label distribution in the context of organelle morphology. 10, 11 However, a serious limitation of pre-embedding labeling is its virtual incompatibility with rapid freezing methods for EM (henceforth referred to as cryofixation). Cryofixation immobilizes within milliseconds any dynamics of organelles and the cytoskeleton. 12, 13 Thus, analysis of cryofixed samples is the only EM approach circumventing the problem of artifactual ultrastructure deformation.
Fixation artifacts may accompany in an unpredictable manner conventional chemical fixation at ambient temperatures. 14 Prominent examples are fragmentation or coalescence of endomembrane compartments, selective shrinkage and/or shape alterations, organelle translocations. 15, 16 Although proof of principle for the use of natively cryofixed cells for pre-embedding labeling was published 2 decades ago, 17 this interesting concept has to our knowledge, not been pursued.
Post-embedding labeling, as achieved by surface labeling of resin or thawed cryosections needs no permeabilization, thus conserves cell morphology generally better than pre-embedding techniques. Furthermore, post-embedding labeling has been routinely applied to cryofixed specimens. [18] [19] [20] For this purpose, rapidly frozen samples were chemically stabilized at very low temperatures though means of freezesubstitution (FS) 12 and embedded in (mainly acrylic) resins. 18, 21 Alternatively to resin embedding, freeze-substituted samples were rehydrated 22, 23 and processed for Tokuyasu-cryosectioning. 24 Such immunogold-labeled EM-sections from cryofixed cells have been used for 3D reconstructions. These electron tomography (ET) studies were based either on ≈400 nm-semi-thick, borohydride-treated Tokuyasucryosections 25 or on serial 100 to 300 nm-Lowicryl resin sections. [26] [27] [28] Both approaches face the inherent problem of limited penetration of any immunogold conjugate into a resin or thawed cryosection 29 -regardless of the conjugates' chemical composition and the particle size. It was shown that the bulk of immunogold markers, including ≈1 nm-ultra-small gold, is confined to the surface of the sections. 29 Because of this method-dependent, uneven label density across the section volume 3D reconstructions of antigen distribution remain less accurate than that of the underlying organelle morphology. Moreover, these post-embedding ET-methods require considerably high expertise and manual skills, such as serial ET or cryosectioning (a challenge, if oriented sectioning is desired 30 ). Finally, Lowicryl resin monomers are not only toxic but also potentially highly allergenic. [31] [32] [33] Taken together, currently available immunogold methods combine conveniently with either cryofixation or 3D reconstruction-but usually not with both at once. For overcoming these constraints and incompatibility we sought an EM preparation protocol for animal cell cultures, which links cryofixation, FS and specimen rehydration (RH) to pre-embedding NANOGOLD immunolabeling. The approach shown here represents an extended version of the FS-RH concept originally developed for enzyme cytochemistry 34 and Tokoyasuimmuno-EM. 22, 23, 35 Our FS-RH-cocktail of choice yielded consistently a fair amount of samples showing well-preserved ultrastructure and proper contrast of organelles and cytoskeleton, together with distinct immunogold label. These 100 to 400 nm epoxy resin sections proved as apt for standard thin section EM and serve a good basis for electron tomographic 3D reconstructions.
| RESULTS AND DISCUSSION

| Preparation protocol: Overview and general considerations
The entire procedure detailed in section 3 is summarized here and listed in To test the flexibility of our approach we also used other combinations of reagents ( Figures S3 and 4) , as alternative to our favorite UA/GA/OsO4. One protocol for FS and RH, for instance, included FA instead of GA, together with UA and OsO4. Here, were the structural preservation and labeling intensity satisfactory ( Figure S3A ,B) and sometimes quite good, though specimen contrast was lower than with cocktail UA/GA/OsO4. Such GA-free samples from cells grown on (gridded) sapphire discs avoid the problem of GA-induced autofluorescence and could, therefore be useful for certain kinds of complementary fluorescence microscopy and EM analyses. 11, 48, 49 Notably, the majority of antibodies so far tested with our cryo-based pre-embedding approach was compatible with FS-cocktails containing up to 0.05% OsO4 (in total: 11 out of 16). This might appear at a first glance surprising. However, our data are consistent with a few reports 18,34,50 that highly diluted OsO4 solutions do not necessarily abolish antigenicity or enzyme activity, especially when osmication is performed at low temperatures.
Finally, we mixed a FS-cocktail containing merely UA and GA as fixatives/stains tailored for antibodies that failed completely with osmium-treated samples. Localization of endogenous LC3, a bona fide autophagy marker, serves as example for this series of experiments.
We performed cryo-based and conventional pre-embedding IEM, as well as Tokuyasu cryosection labeling with a commercial antibody in HeLa (Figures S3C, S4E-K). Consistent with previous IEM reports, 51, 52 LC3 label located on the inner and outer membrane of pleomorphic Figure S3C ). In the case of tomography from semi-thick sections, Section poststaining with hot ethanolic phosphotungstic acid, 54 as previously introduced for ET of cryofixed yeast, 55 did not visibly improve the contrast of these mammalian cells. Together, we consider samples processed according to the UA/GA/OsO4 but also UA/GA protocol described here as suitable for 3D reconstruction (Movies S1 
| Three-dimensional imaging
| Accessibility of reagents
The Our data indicated that cryo-based pre-embedding labeling could principally work without any additional sample permeabilization prior to antibody incubation (eg, Figure S1A -C,G). Obviously, the growth of (minute) intracellular ice crystals during freezing, FS and/or RH is the major cause of, and serves a sufficient basis for successful preembedding immunogold EM of cryofixed, FS-RH samples. However, comparatively higher label densities were achieved with detergenttreated cells (eg, Figure S1G ). This observation prompted us to evaluate options for facilitating the diffusion of reagents into apparently well-frozen cells displaying well preserved, thus, presumably quite impenetrable cytoplasm-but without affecting subcellular integrity.
For this purpose, we exposed cells to different concentrations of Triton X-100 (TX-100) or Saponin, or to freeze-thawing prior to antibody incubation. Notably, none of these manipulations visibly interfered with ultrastructure preservation of FS-RH cells, not even incubation with 0.2% TX-100. This strongly contrasts with findings from standard protocols. 9 For permeabilization of conventional samples fixed with aqueous aldehyde solutions Saponin is widely preferred as "mild" detergent to the "harsh", more destructive TX-100. 9 One can only speculate about the causes for this divergence between conventional and cryo-based pre-embedding IEM on the basis of data available yet.
Different modes and action of specimen fixation 59,60 may partly 
| Visualization of NANOGOLD
As known from any ultra-small gold conjugate subjected to SE, 10, 43, 61 the here generated NANOGOLD-silver particles varied in size and shape (eg, Figures 1B and 2A ), including aggregates of several NANO-GOLD particles within the very same silver shell. 10, 43, 61 For merely qualitative TEM-analyses in 2D particle heterogeneity seems rather an esthetic than fundamental problem. In the larger volume of tomograms, however, uneven particle size and shape become more evident ( Figures 2C and 3A) and sometimes disturbing. This holds particularly true for precise label quantitation. In addition, the irregular silver-gold nuggets made of intensified NANOGOLD accumulations reduce the accuracy (ie, spatial resolution) of 3D reconstructions of antigen distribution. 10 Other gold conjugates with/without subsequent SE (as used, eg, in Reference
62
) failed in our hands, as they penetrated only cells suffering from inacceptable ice crystal damage. Thus, finding and establishing modified enhancement procedures 63, 64 to produce more uniform marker particles has highest priority to optimize the here presented cryo-based pre-embedding IEM concept.
| Conclusion
We described here an EM-preparation protocol for adherent cell cultures, which allows to link cryofixation of native samples to preembedding immunogold labeling, as a step toward improved 3D mapping of subcellular antigen distribution at high resolution. Its major virtues can be summarized as follows: ) and cultured for 2 to 3 days until ≈70% to 80%
confluence. CaCo2 were seeded on 24 mm Costar Transwell filters (pore size 0.4 μm, Corning) and cultured for 14 to 21 days to achieve full polarization. 41 For conventional IEM and fluorescence microscopy these cells were grown in cell culture dishes or on coverslips. 40 
| Cryo-processing and postfixation
Cryo-processing was described previously (Table 1) . 40, 41, 68 followed by SE with HQ-Silver (#2012, all from Nanoprobes). Incubations were performed in 48-(or 24-) multiwell plates. The exact procedure for labeling and autometallography is detailed in Table 1 . Regarding especially the reliability of IEM detection of endogenous LC3, we also analyzed (6) GFP-LC3 HeLa subjected to amino acidand serum-starvation plus BafA-treatment.
| Fluorescence microscopy
HeLa cultured on glass coverslips were fixed with 4% (wt/vol) formal- 
| Quantitative estimates of gold label intensity
Semiquantitative estimates of selected parameters were performed by counting labeled organelles or immunogold-particles with the aid of iTEM-software on >10 randomly selected micrographs from 2 representative labeling experiments (magnifications set at the microscope: ×7,100 or ×19,500, respectively; enlarged for analysis to final magnifications of ×49,700 or ×136 500; the area analyzed was, therefore, >2300 or >300 μm 2 , respectively). LAMP1 labeling density of late endosomes/lysosomes in MEF was estimated by counting immunogold-silver particles per micrometer (μm) boundary membrane ( Figure S1G ) as described. 40 The frequency of LC3-positive organelles per area (ie, 100 μm 2 ) was calculated as described. 40 (1) autophago(lyso)somes, (2) nuclei, (3) mitochondria, (4) miscellaneous organelles and cytoplasm. Observed gold counts were compared with expected counts (as obtained from the test point counts). Significance of differences between counts was tested using the chi-square.
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